Background: Identifying risk factors for inferior outcomes after anterior cruciate ligament reconstruction (ACLR) is important for prognosis and future treatment.
with or without ACL reconstruction (ACLR). 4, 16, 19, 24, 27, 28 A systematic review 27 and a recent meta-analysis 4 showed that meniscus tears significantly increased radiographic OA. However, meniscus tears did not predict symptomatic OA. 28 In cohort and case-control studies, the incidence of articular cartilage lesions at the time of an ACLR has been shown to result in worse Knee injury and Osteoarthritis Outcome Score (KOOS) 36, 37 and International Knee Documentation Committee (IKDC) 14, 17 score at follow-up. Similarly designed studies report that the presence of a concomitant meniscus injury correlates with significantly worse IKDC scores at follow-up. 9, 14, 23 However, these aforementioned studies focused their risk factors on only meniscus and articular cartilage injury variables. Because of sample size limitations, these studies were unable to include and assess the many other potential risk factors besides meniscus and articular cartilage injuries.
The most comprehensive models published to date have been two level 2 cohorts from the Swedish National Knee Ligament Registry 1 and the Norwegian and Swedish National Knee Ligament Registries. 37 Barenius et al 1 performed a multivariable analysis for dichotomized KOOS outcomes as treatment failures versus functional recovery as defined by prespecified KOOS scores. They observed that meniscus excision or repair was a significant predictor of treatment failure. However, articular cartilage injury was not found to be a significant predictor for treatment failure, despite use of a limited classification system (yes/ no). In 2013, Røtterud and colleagues 37 reported worse outcomes in all 2-year follow-up KOOS subscales in patients who had concomitant full-thickness cartilage lesions compared with patients without cartilage lesions. However, meniscus lesions and partial-thickness cartilage lesions did not impair patient-reported outcomes 2 years after ACL reconstruction. In both comprehensive studies, the main limitations were patient follow-up: 2-year follow-up was only 41% (3556/8584) for Barenius et al 1 and 54% (8476/15,783) for Røtterud et al. 37 As such, there has not been a level 1 prospective cohort (.80% follow-up) with multivariable analysis to comprehensively evaluate the role of meniscus and articular cartilage injuries and treatment including the majority of proposed risk factors (demographic, surgical choices, etc) on both sport-validated patient-reported outcomes of the IKDC and KOOS scores and the Marx activity level at 6 years after ACL reconstruction. Collectively, prior studies have been limited by the scope and breadth of results, primarily because of either small sample size or follow-up limitations.
This multicenter population cohort was designed in 2002 to prospectively determine which variables at the time of an ACL injury (including patient demographics, mechanism of injury, surgical technique/choices, and concomitant meniscus and/or articular cartilage injury and treatment, among other potential modifiable and nonmodifiable variables) would influence and predict both short-and long-term outcomes after ACLR. zz Our previous modeling longitudinally followed more than 400 ACLR patients at 2 and 6 years. 39 Despite identifying many significant risk factors for worse outcomes, we had insufficient sample size to determine whether meniscus and articular cartilage lesions documented at the time of index ACLR had any effect on patient-reported outcomes after ACLR. To rectify this limitation, this current study uses 2 additional years of enrollment with 2-and 6-year follow-up to focus on the role that articular cartilage and meniscus injuries and treatment play at the time of index ACLR, to predict 6-year outcomes.
In this analysis, 3 enrollment years (2002-2004) with both 2-and 6-year follow-ups were included in the largest, most comprehensive multivariable modeling of ACLR outcomes to date. We hypothesized that articular cartilage lesions and meniscus tears and treatment would be predictors of the IKDC and KOOS (5 subscales) scores and Marx activity level at 6 years after ACLR.
MATERIALS AND METHODS

Setting and Study Population
After obtaining approval from respective institutional review boards, the multicenter consortium began enrolling patients in 2002; the consortium consisted of 7 sites with 12 surgeons over the 3-year enrollment period. One university functioned as the data processing center for the study and was responsible for entering baseline data and collecting follow-up data on all patients. The trial is registered at ClinicalTrials.gov: NCT00463099.
All patients who underwent unilateral primary or revision ACLR surgery between January 1, 2002, and December 31, 2004, were eligible for enrollment. Multiligamentous injuries were included only if no concomitant posterior cruciate ligament, medial collateral ligament, and/or lateral cruciate ligament repairs were performed. During this time frame, sites identified 1677 patients who were slated to have ACLR. A total of 1512 patients met the study's inclusion criteria and were enrolled in the study (Figure 1 ).
Data Sources and Measurement
After informed consent was obtained, each participant completed a 13-page questionnaire that included baseline demographics, injury descriptors, sports participation level, comorbidities, knee surgical history, and patientreported outcome measures that included the IKDC, 12 the 5 subscales of the KOOS (symptoms, pain, activities of daily living, sports and recreation, knee-related quality of life), 35 and the Marx activity rating scale. 21 The validity, reliability, responsiveness to clinical change, and minimal clinically meaningful differences of these instruments have been previously documented (IKDC [11] [12] [13] ; KOOS 30, 34, 35 ; Marx 21 ). All questionnaires were completed within 2 weeks of the date of surgery, with most completed before the procedure.
Immediately after the surgical procedure, each surgeon completed a 49-page questionnaire that documented the results of the examination under anesthesia, the surgical technique, and the arthroscopic findings and treatment of concomitant meniscus and cartilage injury. Surgeon documentation of articular cartilage injury was recorded, based on the modified Outerbridge classification. 5, 20, 26, 29 Meniscus injuries were classified by size, location, and partial versus complete tears, whereas treatment was recorded as not treated, repair, or extent of resection. 8 After surgery, each patient followed the same standardized evidence-based rehabilitation protocol. [44] [45] [46] Completed data forms were mailed from each participating site to the data coordinating center. Data from both the patient and surgeon questionnaires were scanned with Teleform software (Cardiff Software Inc, Vista, California, USA) using optical character recognition, and the scanned data were verified and exported to a master database. A series of logical error and quality control checks were subsequently performed before data analysis.
Follow-up
The 2-and 6-year follow-ups were completed by mail with readministration of the same questionnaire to each patient. Patients were also contacted by telephone to determine whether any underwent additional surgery to either knee.
Quantitative Variables and Statistical Methods
To determine the association between independent (risk factor) variables and validated outcome measures, multivariable regression models were used (see Appendix 1 at http://ajsm.sagepub.com/supplemental). Multivariable analysis was used to determine which baseline variables measured at the time of index ACL surgery were significant predictors of IKDC, KOOS, and Marx scores at 2 and 6 years after surgery. Longitudinal analysis was performed using proportional odds ordinal logistic regression to fit a single model for the 2-and 6-year end points. 41 The proportional odds model makes fewer distributional assumptions than ordinary regression. The dependent variables were treated as continuous and consisted of the IKDC score (scored 0 [worst] to 100 [best]), the 5 subscales of the KOOS (scored 0 [worst] to 100 [best]), and the Marx activity rating scale (scored 0 [low activity] to 16 [highest activity]). Independent patient covariates in the model included age at the time of surgery, gender, education level, ethnicity, body mass index (BMI), smoking status (baseline and current), sport, competition level (amateur, high school, collegiate, professional), activity level as assessed using the Marx activity rating scale, and the baseline measure of the outcome (IKDC, KOOS, Marx). Follow-up time (calculated as the time from index surgery to the date that the patient completed the 2-and/or 6-year follow-up questionnaire) was included in the model and was treated as a continuous variable.
Initial Cohort n=1677
Incomplete Enrollment Independent surgical factors included surgeon experience (in years), any previous ACLR surgery performed on the contralateral knee (yes/no), primary versus revision surgery, graft type (autograft vs allograft), graft source (bonetendon-bone [BTB] hamstring, tibialis anterior/posterior, Achilles tendon, other), and year of surgery. Meniscus injuries were classified by size, location, partial versus complete tears, and treatment, categorized as not treated, repaired, or percent excised. At the time of ACLR, surgeons recorded the percentage of excision from both the posterior and anterior portions of the medial and lateral menisci. Excision options were categorized as none, 33%, 67%, or 100% excision for each segment (anterior and/or posterior). For this study, we used the largest excision for each segment. Articular cartilage variables were grouped by location to include the medial femoral condyle (MFC), lateral femoral condyle (LFC), medial tibial plateau (MTP), lateral tibial plateau (LTP), patella, and trochlea. Severity of articular cartilage degeneration in each location was categorized according to the modified Outerbridge classification and included normal, grade 1 (softening), grade 2 (fraying or fissures), grade 3 (partial-thickness loss with fibrillation), or grade 4 (fullthickness loss with exposed subchondral bone). 5, 26, 29 Multifocal articular cartilage lesions within a region (MFC, LFC, MTP, LTP, patella, trochlea) were assessed by taking the highest Outerbridge grade. Multifocal cartilage lesions between compartments were treated independently. Similarly, when multifocal meniscus injury was found within a region (medial, lateral), the injuries were treated independently (up to 2 lesions).
Regarding clinically meaningful change in score, we used 11 points for the IKDC, 11 8 points for the KOOS, 33 and 2 points for the Marx activity scale. Linearity of covariates was not assumed, and restricted cubic regression splines were used with the assumption of smoothed relationships. Multiple imputation was used for missing values for predictor variables as performed by the aregImpute function within the Hmisc package (http://biostat.mc .vanderbilt.edu/Hmisc) of R (free open-source statistical software; http://www.r-project.org). 10, 31 Nomograms were created to display the relationship between predictor variables and the outcomes, based on the fitted models. A nomogram can be used to estimate the mean response for individual patients as well as show the relationship between the different predictor variables and how this affects the response.
RESULTS
Study Population
Of the initial 1512 patients enrolled in the study, at least 1 repeat questionnaire was obtained on 1411 (93%). Twoyear follow-up results were obtained on 1308 of 1512 patients (87%), and 6-year follow-up results were obtained on 1307 of 1512 patients (86%).
Baseline demographic and clinical characteristics of the analyzed cohort are provided in Table 1 . Similarly, baseline and follow-up outcome scores for the IKDC, KOOS, and Marx are presented in Table 2 . The study population was 56% male with a median age of 23 years (interquartile range, 17-35 years), and 76% of the patients reported a noncontact injury mechanism. Medial meniscus injury was noted in 38% of subjects, with 19% of those undergoing partial excisions, 13% undergoing repairs, and 7% undergoing no treatment for their tears. Lateral meniscus injury was noted in 46% of subjects, with 28% of the cohort undergoing partial excisions, 6% undergoing repairs, and 18% undergoing no treatment. Articular cartilage lesions by location included chondromalacia of each respective location as follows: MFC, 25%; LFC, 20%; MTP, 6%; LTP, 12%; patella, 20%; and trochlea, 9%. The most common treatment options performed on these articular cartilage surfaces were either no treatment or chondroplasty ( Table 1) . Table 3 displays the significant articular cartilage and meniscus predictors identified for each individual outcome score after multivariable logistic regression. Appendix 2 displays the odds ratios for categorical comparisons among meniscus and articular cartilage lesions as graded at the time of surgery for each outcome score. Appendix 3 displays the odds ratios for baseline scores, patient demographics, surgical technique, and miscellaneous factors (as noted above). Nomograms displaying the relationships between baseline predictor variables of the IKDC, KOOS, and Marx activity level and their expected 6-year outcome scores are shown in Appendix 4 (all appendixes available online). IKDC Outcomes. For the IKDC, both medial and lateral meniscus injury and articular cartilage injury of the MFC, LFC, and MTP were significant predictors ( Table 3 and Appendix 2). For the medial meniscus, both repair and partial excision (17% excised, 33% excised) portended a lower outcome score compared with absence of medial meniscus injury (Appendix 2). Conversely, for the lateral meniscus, untreated tears and partial excisions (.50%) predicted a higher score compared with absence of meniscus injury. Regarding articular cartilage lesions, grade 3 and grade 4 changes predicted a worse score compared with lower grades (normal, grade 1, and/or grade 2) of cartilage injury to the MFC, LFC, and MTP regions. For patient demographics, female gender, higher BMI, previous smokers, current smokers, lower education level, lower baseline activity level, and lower baseline IKDC score predicted significantly lower outcome scores (Appendix 3).
Summary of Significant Predictors
For surgical technique, revision surgery and previous ACLR on the contralateral knee predicted worse outcome scores (Appendix 3). Additionally, IKDC scores increased (improved) when baseline was compared with time 2 to 6 years after surgery ( Table 2) .
KOOS Outcomes. For the KOOS, both medial and lateral meniscus injury and articular cartilage injury of the MFC, LFC, MTP, LTP, and trochlea were significant predictors for various subscales (Table 3 and Appendix 2). For the medial meniscus, repair predicted a worse outcome for all subscales as compared with absence of meniscus injury (Appendix 2). For the KOOS symptoms subscale, a lesser amount excised (17% excised) predicted a worse score compared with no tear. However, for the KOOS pain subscale, a larger portion excised (50% excised) predicted a better score compared with no tear. For the lateral meniscus, untreated tears, repairs, and larger portions excised (50% excised, 67% excised) predicted a higher or improved score compared with absence of meniscus injury for select subscales. Regarding articular cartilage lesions, grade 3 and grade 4 changes predicted a worse score compared with lower grades (normal, grade 1, and/or grade 2) of cartilage injury to the MFC, LFC, MTP, LTP, and trochlea for the various subscales with the exception of the KOOS sports/rec . However, when normal/grade 1 versus grade 2 changes were compared, grade 2 changes actually predicted better outcome scores for the MFC (KOOS sports/rec ) and the LTP (KOOS pain ). For patient demographics, higher BMI, previous smokers, current smokers, lower education level, and lower baseline KOOS scores predicted significantly lower outcome scores (Appendix 3). A primary sport of basketball compared with baseball predicted a lower score for the KOOS symptoms and KOOS pain subscales. For surgical technique, revision surgery and previous ACLR on the contralateral knee predicted worse outcome scores. For the KOOS symptoms subscale, BTB graft predicted a lower score compared with hamstring. Conversely, for the KOOS sports/rec subscale, BTB graft predicted a higher score compared with hamstring. For all KOOS subscales, scores increased when baseline was compared with time 2 to 6 years after surgery ( Table 2) .
Marx Activity Level Outcomes. For the Marx activity score, meniscus and articular cartilage injury were not significant predictors with the exception of the damage on the MFC (Table 3 and Appendix 2). Grade 4 cartilage changes of the MFC predicted a significantly lower score (decreased activity level) compared with normal/grade 1 findings (Appendix 2). For patient demographics, older age, female gender, higher BMI, current smokers, lower education level, and lower baseline Marx scores predicted lower activity scores (Appendix 3). Intersport comparisons also yielded significant predictors as noted in Appendix 3. Lower competition levels predicted a worse activity score compared with amateur or collegiate athletic status. For surgical technique, revision surgery predicted lower activity scores. Marx scores decreased when initial baseline was compared with time 2 to 6 years after surgery ( Table 2) .
For the IKDC, KOOS (all subscales), and Marx, a lower baseline score predicted a worse outcome score at the 6-year follow-up.
DISCUSSION
The major findings of this study are that articular cartilage lesions and meniscus tears/treatment present at the time of an ACL surgery have a significant effect on patient-reported outcomes 2 and 6 years after an ACLR. Using a comprehensive logistic regression model with sufficient sample size, we were able to construct a multivariable model that incorporated a variety of potential risk factors, so as to determine which variables drive outcomes after ACLR. Specifically, we observed the following: Patients without lateral meniscus tears did worse than those with untreated tears, partial excisions, and repairs. Medial meniscus repairs predicted worse IKDC and KOOS scores compared with those without tears. Small partial meniscectomies (\33%) on the medial meniscus fared worse, but conversely, larger excisions on the medial or lateral menisci (.50%) improved prognosis. Grade 3 or 4 articular cartilage lesions in various compartments (excluding patella) significantly reduced IKDC and KOOS scores at 6 years. The sole significant meniscus and articular cartilage predictor of reduced Marx activity score was the presence of a grade 4 lesion on the MFC.
Analogous to our previous modeling based on a single enrollment year (2002) with 83% follow-up at 6 years, we found that higher BMI, lower education level, smokers, and revision ACL surgery were significant predictors of poorer KOOS, IKDC, and Marx outcomes. Furthermore, it appears that the patients' preoperative (baseline) outcome scores are extremely important predictors of their postoperative outcome scores.
There are 2 fundamental differences in this study compared with our prior modeling reported in 2011. 39 First, we increased the sample size from 400 to 1400 by including 2 additional enrollment years, thereby increasing statistical power. Second, our modeling changed from linear multivariable modeling (taking baseline T 0 risk factors to 6-year outcomes) to logistic multivariable modeling, which incorporates both 2-and 6-year follow-up into predicting which baseline risk factors are significant in the model. This statistical approach uses all of the follow-up data obtained on patients.
This 3-fold increase in sample size enabled us to identify that both articular cartilage lesions and meniscus injuries and treatment significantly influence the 6-year KOOS and IKDC scores. However, despite these efforts, the observed findings still have limitations. We are not yet able to fully model meniscus and articular cartilage interactions, which are likely important and represent an area of future study. Furthermore, we would have preferred to limit the collapsed meniscus variable levels from percentage of excision to more traditional clinical terms (eg, posterior horn central third, central two-thirds), but only a further increase in sample size could enable this. Finally, we only classified the grade of articular cartilage injury and were not able to fully use our database, which includes a measure of lesion size, based upon our previous interrater agreement studies on both meniscus 8 and articular cartilage. 20 Further increased sample size (~1500 additional ACLRs) would resolve this dilemma. However, our current study modeling and analysis is the most comprehensive to date in the literature.
The most comparable multivariable modeling of ACLR outcomes comes from the Swedish and Norwegian National Knee Ligament Registries reported in 2012 and 2013. 1, 37 Barenius and colleagues 1 dichotomized their outcomes into ''treatment failure'' and ''treatment success'' as determined by a prespecified KOOS score. The authors did not identify articular cartilage injuries as a risk factor for treatment failures. In contrast, we observed that grade 3 or 4 chondral injury significantly predicted worse KOOS and IKDC scores. Our analysis was more specific in that we included grading (1) (2) (3) (4) of the lesions at 6 different intra-articular locations. Conversely, the Swedish group only classified articular cartilage lesions as a ''presence'' or ''absence'' within the knee. Interestingly, the most controversial finding from our study was also seen in the Swedish study, 1 as medial meniscus repair was found to be a predictor of worse outcome or treatment failure. In our study this was only true for medial meniscus repair, as lateral meniscus repair was successful compared with normal meniscus.
The finding that the presence of small untreated tears of the lateral meniscus is a predictor of better outcomes compared with a normal lateral meniscus has been a consistent finding in all of our prior analyses and again is confirmed here. One hypothesis is that during the rotational subluxation of the lateral compartment at the time of injury, the energy is distributed to either the meniscus or the articular cartilage. Thus, it seems perhaps better to absorb the load manifested in a small lateral meniscus tear as opposed to an articular cartilage lesion. Similarly, the question of why slightly larger lateral meniscus excisions do better than no tear could be explained by altered kinematics after ACLR, with decreased loading in the lateral compartment. An alternative hypothesis of this unexpected finding might be that it indicates a more favorable injury mechanism. Our current study cannot answer these extremely important questions and establishes a foundation for future clinical research. In summary, the current accepted treatment recommendations for lateral meniscus tears appear to be successful in optimizing ACLR outcomes. These include leaving small tears alone, repairing large tears in the vascular zone, and excising unstable tears in the avascular zone.
The finding that medial meniscus repair predicted worse outcomes on both the KOOS and the IKDC is not unexpected. Our finding is corroborated in the published Swedish database study, as medial meniscus repair was a risk factor for ''treatment failure.'' 1 In addition, Shelbourne and Gray 38 previously suggested that medial meniscus tears function differently than lateral meniscus tears in the ACL-injured population. The failure of medial repairs to improve outcomes is in direct contrast to the lateral meniscus, where repair had similar outcomes to normal meniscus. Several factors could perhaps account for the difference in success. First, the medial meniscus has decreased mobility, decreased vascularity, and increased biomechanical load compared with the lateral meniscus. The medial meniscus also acts as a secondary restraint to anterior tibial translation. Thus, repair of the medial meniscus is subject to a more stringent test of the repair compared with a lateral repair. The short-term clinical success, defined as no reoperation for clinical symptoms, has been shown to be excellent, with a 96% success rate at 2-year follow-up for medial meniscus repairs. 40 However, a recent systematic review of 5-year outcomes showed that 24% of cases (range, 17%-37%) had reoperation for failed medial meniscus repair, 25 indicating that these repairs are failing over time. If the repairs are failing clinically, then the meniscus cannot protect the articular cartilage or improve clinical outcomes as measured by KOOS and IKDC. Further research is needed not only to better define the likelihood of healing but also to document the clinical improvement as measured by the KOOS and IKDC. Our planned 10-year follow-up and the planned addition of another 3 years of data (~1500 additional ACLRs) should further shed light on meniscus repairs performed between 2002 and 2008. Considering the current study and findings by Barenius et al 1 of worse outcomes with medial meniscus repair, we do not advocate any change in clinical practice but suggest that our management of medial meniscus tears at the time of ACLR needs more focused research.
In the current study, the presence of grade 3 or 4 articular cartilage lesions predicted worse outcomes in the majority of knee articular surfaces. Given the limited number of grade 3 and grade 4 lesions, we could not model treatment options, including no treatment, debridement, and cartilage restorative procedures. In the future, additional sample size may allow us to model treatment options. We recommend that treatment strategies be explored to restore biomechanical function of articular cartilage and, ideally, delay further degenerative changes.
In identifying predictors of Marx activity level, only a grade 4 change on the medial femoral condyle predicted a worse or declining activity level. No other level of chondromalacia or meniscus injury influenced activity at the 6-year follow-up. Similar to our previous studies, the current study again revealed predictors including age, gender, BMI, smoking, educational status, time from surgery, and revision ACLR, which all significantly influenced future activity. In addition, we also were able to model and show that both type of main sport and competition level influenced future activity.
A limitation of this study is that it is questionnaire based, with lack of structural imaging (radiological or magnetic resonance imaging evaluation) to confirm the status of the articular cartilage and meniscus at final follow-up. The size and degree of chondral lesion and the extent of more diffuse degenerative changes, such as joint space narrowing, if any, would help elucidate the underlying biological course of the validated patient-reported outcomes. With regard to meniscus, structural integrity is likely a relevant variable, particularly for repairs. Furthermore, 6 years of follow-up is likely too short a period to see longterm degenerative changes of the knee joint. This does not detract from the significance of our findings but stresses the need for longer-term follow-up with future imaging.
In summary, to assist clinically in patient counseling and predict the future IKDC, KOOS subscales, or Marx results, the modeled variables should be entered into the respective nomograms presented. Our most comprehensive modeling of ACLR patient-reported outcomes informs us that the current treatment strategy for lateral meniscus optimizes outcomes, that grade 3 or 4 chondral injury is a potentially modifiable variable that can be treated, and that current management of medial meniscus tears does not show the anticipated effect on clinical outcomes. Clearly, many more questions are generated by the data and require more focused research based on prognostic risk factors. An additional 6-year follow-up and planned 10-year follow-up will assist in clarifying risk factors and treatment recommendation, but more translational and regenerative strategies are needed for articular cartilage and medial meniscus injuries.
CONCLUSION
Both articular cartilage injury and meniscus tears/treatment at the time of ACLR were significant predictors of both IKDC and KOOS scores 6 years after ACLR. Similarly, having a grade 4 MFC lesion significantly reduced a patient's Marx activity level score at 6 years. More research is needed to better understand the structural changes that occur in the articular cartilage and meniscus after ACLR that likely contribute to these findings and
